Abstract: Cytokines are critical mediators of inflammation and host immune defense. Cytokine production is regulated at both transcriptional and post-transcriptional levels. Posttranscriptional damping of inflammatory mRNAs is mediated by a set of RNA binding proteins (RBPs) interacting with cis-elements, such as AU-rich elements (ARE) and stem-loop structures. Whereas ARE-binding proteins such as tristetraprolin and a stem-loop recognizing protein, Roquin, downregulate cytokine mRNA abundance by recruiting a CCR4-NOT deadenylase complex, another stem-loop RBP, Regnase-1, acts as an endoribonuclease, directly degrading target cytokine mRNAs. These RBPs control translation-active or -inactive mRNAs in distinct intracellular locations. The presence of various RBPs regulating mRNAs in distinct locations enables elaborate control of cytokines under inflammatory conditions. Dysregulation of cytokine mRNA decay leads to pathologies such as the development of autoimmune diseases or impaired activation of immune responses. Here we review current knowledge about the post-transcriptional regulation of immune responses by RBPs and the importance of their alteration during inflammatory pathology and autoimmunity.
Introduction
Inflammation is an essential component of immune responses that allows multicellular organisms to inhibit detrimental stimuli. Inflammation is mediated by pro-inflammatory cytokines such as tumor necrosis factor (TNF), interleukin-6 (IL-6) and IL-1O. Cytokine expression is tightly regulated in innate immune cells such as macrophages and dendritic cells (DCs), controlling their activation and maturation. 1)-3) Cytokine mRNA expression is controlled at both transcriptional and post-transcriptional levels. Cytokine mRNA is rapidly induced in response to a set of pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and Nod-like receptors (NLRs).
3)- 5) PRRs recognize molecular structures that are broadly shared by pathogens, known as pathogenassociated molecular patterns (PAMPs). 6 ),7) Upon PAMP recognition, PRRs initiate a series of signaling pathways that lead to the activation of transcription factors, including NF-5B, AP-1, interferon (IFN)-regulatory factors (IRFs) and CCAAT/enhancerbinding protein O (C/EBPO). In addition to eliciting inflammation, PRR signaling simultaneously induces maturation of DCs, which are responsible for * 1 Laboratory of Infection and Prevention, Institute for Frontier Life and Medical Sciences, Kyoto University, Kyoto, Japan.
stimulating the second line of host defense, adaptive immunity.
Activated transcription factors transcribe a family of mRNAs encoding pro-inflammatory cytokines that are translated to proteins, resulting in the secretion of the cytokines. When stimulation ceases, the cytokine-mediated inflammatory response is rapidly terminated, and damaged tissues are repaired. Because overproduction of cytokines by immune cells leads to autoimmune pathogenesis, 3) , 8) post-transcriptional damping of cytokine expression is a critical step for the resolution of inflammation and prevention of unintended tissue damage.
9)-14) Post-transcriptional regulation determines the fate of mRNA in association with RNA-binding proteins (RBPs), including tristetraprolin (TTP), ARE/poly-(U) binding degradation factor 1 (AUF1), Regnase-1 (also known as Zc3h12a and Mcpip1), Roquin and AT-rich interactive domain-containing 5a (Arid5a). 10) , 15) In addition to direct RBP-mediated regulation, microRNAs, through cooperation with RBPs, are important regulators of gene expression in the immune system. 16 ),17) Most of the regulatory RBPs are known to interact with cis-elements present in the 3B untranslated regions (3B UTRs) of mRNAs, and stabilize or destabilize the target transcript.
18)-20) AU-rich elements (AREs) and stem-loop structures in 3B UTRs are well-studied examples of cis-elements recognized by a set of RBPs for controlling the stability of target mRNAs (Fig. 1) . Recognition of AREs by AREbinding proteins (ARE-BPs), including TTP, AUF1 and HuR, regulates the decay of mRNAs via the recruitment of the CCR4-NOT deadenylase complex. In contrast hand, stem-loop structures are recognized by distinct sets of RBPs, including Regnase-1, Roquin and Arid5a. 9),21)-26) Whereas Regnase-1 and Roquin are critical for the maintenance of immune homeostasis and prevention of autoimmunity in mice, Arid5a plays a role in sustaining immune responses. In this review, we will discuss the post-transcriptional mechanisms of immune responses by RBPs such as TTP, Roquin and Regnase-1, and also focus on how Regnase-1 regulates inflammatory mRNA stability to control immune responses.
Cis-elements recognized by RBPs for regulation of inflammatory mRNAs
The regulation of mRNA stability is important for the control of gene expression, and is determined by cis-acting sequences in the 3B UTRs that promote mRNA degradation. Two well-characterized motifs present within the 3B UTR of mRNAs are the ARE and the stem-loop structure. Clusters of AREs in mRNAs encoding cytokines were first identified over 25 years ago, 27) and subsequent studies showed that inflammatory mRNAs are subject to ARE-mediated decay.
28),29) AREs provide binding sites for transacting RBPs such as TTP, AUF1 and HuR, which subsequently regulate the stability and translation of mRNA. ARE basic motifs include pentamers of AUUUA, nonamers of UUAUUUAUU, and AU-rich clusters composed of linked pentamers and/or nonamers. 30) AREs are located at the 3B UTR of mRNA transcripts for cytokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF), TNF, IL-2, IL-3, IL-6 and IL-8, as well as pro-inflammatory factors like cyclooxygenase 2 (COX2). In addition to AREs, stem-loop structures with a pyrimidinepurine-pyrimidine (Py-Pu-Py) tri-loop sequence in 3B UTR of inflammatory mRNAs are also recognized by a set of RBPs, including Regnase-1, Roquin and Arid5a, for controlling degradation of mRNA. 23) , 24) Structural studies show that the N-terminal ROQ domain in Roquin tightly interacts with the RNA Deadenylation promotes rapid mRNA degradation that is thought to occur in processing bodies (PBs), small cytoplasmic foci that contain many enzymes required for mRNA decay. Cells exposed to various stresses such as heat shock, oxidative stress or glucose deprivation promote the assembly of stress granules (SGs), which are small cytoplasmic foci that harbor translationally-arrested mRNAs, stalled translation initiation factors and ARE-binding proteins such as T-cell-restricted intracellular antigen-1 (TIA-1) and TIA-1-related protein (TIAR) that suppress translation. 37) Under conditions of stress, TTP-bound mRNAs are recruited to SGs and the translational repressor TIA-1 stalls translation, 38)- 40) and TTP facilitates delivery of selected mRNAs from SGs to PBs for degradation, suggesting a TTPdependent dynamic relationship between SGs and PBs. Although the exact mechanism of cytoplasmic TTP-dependent mRNA turnover remains unclear, TTP is a key player in post-transcriptional gene regulation, particularly with regard to the regulation of ARE-mediated decay of cytokine mRNAs.
Regulation of T cell activation by Roquin
The Roquin family proteins, Roquin-1 and Roquin-2, bind to mRNAs involved in the activation of both innate and acquired immune systems, and induce their degradation. Roquin-1 was identified through an N-ethyl-N-nitrosourea (ENU)-induced mutagenesis screen in mice, in which a single point mutation changed Methionine 199 to Arginine (Arg). 41) A loss of function mutation in the Roquin-1 ROQ domain (M199R) by the ENU mutagenesis in mice (the so-called sanroque strain, Roquin-1 San/San mice) leads to the development of autoimmune disease characterized by an increase in follicular helper T (Tfh) cells. 41) Roquin-1 harbors a ROQ domain and a CCCH-type zinc finger domain. Roquin-1 recognizes stem-loop motifs in the 3B UTRs of its target mRNAs via its ROQ domain and adjacent CCCH-type zinc finger domain, which is further confirmed by structural analysis. 25 ),26),42) Roquin-1 promotes mRNA decay by recruiting the CCR4-NOT deadenylase complex or recruiting a EDC4 decapping protein. 23 ), 43) The second family member, Roquin-2, shares a similar structure and has some overlapping functions with Roquin-1. Unlike Roquin-1 San/San mice, the ablation of Roquin-1 alone did not cause autoimmunity, although induced expansion of macrophages and T cells were observed. 44) T cell-specific deletion of Roquin-2 does not affect immune cell homeostasis. 45 ),46) However, T cell-specific Roquin-1/ 2-double-deficient mice develop an autoimmune phenotype with increased Tfh cell numbers, which phenotypically resembles Roquin-1 San/San mice. 45 ), 46) Roquin proteins interact with and destabilize multiple mRNAs including inducible T-cell co-stimulator (Icos), Ox40 and A20. 47)-49) Among them, the lack of Icos in Roquin-1 San/San mice rescued the autoimmunity, indicating that Roquin-1 and Roquin-2 regulate Icos expression in T cells to prevent an aberrant increase of Tfh cells. 47) Taken together, these studies reveal the importance of Roquin-1-and Roquin-2-mediated post-transcriptional regulation in Tfh cell differentiation and the maintenance of immune homeostasis.
Post-transcriptional regulation through AREs is often influenced by non-ARE sequences in the same mRNA. Indeed, Roquin-1 was shown to have a role in the regulation of TNF mRNA decay via binding to a constitutive decay element (CDE), which forms a stem-loop structure. 23) After Roquin-1 binds to the CDE through its unique ROQ domain, Roquin recruits the CCR4-NOT deadenylase com-plex for RNA degradation. The coexistence of multiple regulatory RNA elements in a single mRNA ensures that several RBPs can work together to regulate the mRNA expression levels. This is further supported by in vivo evidence that Roquin-1 San/San mice develop TNF-driven inflammation and arthritis comparable to the disease that develops in TTPdeficient mice. 46) These findings reveal a complex interplay of two regulatory RBPs in the regulation of TNF production.
Regnase-1 is an essential RNase for maintenance of immune homeostasis
Regnase-1 was identified as a protein containing a CCCH zinc finger domain and a PIN (PilT N terminus)-like RNase domain (Fig. 2) , and is a lipopolysaccharide (LPS, TLR4 ligand)-inducible gene. 50) , 51) Structural studies showed that the PIN domain harbors the RNase catalytic center 52), 53) and in vitro cleavage assays revealed that Regnase-1 ) spontaneously develop severe autoimmune inflammatory disease, suffer from severe anemia, and mostly die within 12 weeks. Regnase-1 !/! mice also show augmented serum immunoglobulin levels and autoantibody production, together with a greatly increased number of plasma cells, as well as infiltration of plasma cells to the lung. The production of IL-6 and IL-12p40 in response to TLR ligands is greater in Regnase-1 !/! macrophages compared with wild-type cells. 51) Although the activation of TLR signaling pathways is normal, the decay of Il-6 mRNA is impaired in Regnase-1 !/! macrophages. Biochemical studies showed that Regnase-1 destabilizes mRNA via a conserved nonnot ARE element present in the 3B UTR of Il-6 mRNA. Thus, Regnase-1-mediated control of mRNA expression has an essential role in maintaining homeostasis and Regnase-1 is an essential RNase that prevents immune disorders by directly controlling the stability of a set of inflammatory mRNAs (Fig. 2) .
Phosphorylation of Regnase-1 by the IKK complex induces Regnase-1 degradation to control cytokine mRNAs
Although the expression of Regnase-1 mRNA is induced in response to stimulation with TLR ligands and IL-17A, Regnase-1 protein is expressed even in unstimulated macrophages, mouse embryonic fibroblasts (MEFs), thymus, spleen, lymph nodes and lungs. 54 ),55) Regnase-1 protein is rapidly degraded in response to stimulation with IL-1O or TLR ligands but not TNF. Degradation of Regnase-1 protein is important for higher expression of Il-6 mRNA. Biological studies showed that inhibitors of transcription factor NF-5B (I5B) kinase (IKK) complex, which is composed of IKK,, IKKO and IKK. (NEMO) subunits, controls the stability of Il-6 mRNA by phosphorylating Regnase-1 in response to stimulation via IL-1 receptor (IL-1R) or TLR. Regnase-1 has the canonical DSGXXS motif known to be phosphorylated by the IKK complex, and Regnase-1 is phosphorylated by IKKO at Ser435 and Ser439 in this motif. Phosphorylated Regnase-1 undergoes ubiquitin-proteasome-mediated degradation via the E3 ligase O-TrCP complex (also known as FBW1). Downstream of TLR/IL-1R, IRAK1 can interact with and phosphorylate Regnase-1, suggesting that modification of Regnase-1 via IRAK1 is required for inducing IKK-dependent degradation.
Regnase-1 signaling is triggered by IL-17A as well as IL-36A, and both cytokines are reported to activate IKKs, inducing the degradation of Regnase-1 in keratinocytes. 56) Whereas IL-36a signals through a receptor belonging to the IL-1R family, the IL-17 receptor triggers IKK activation independently of MyD88 and IRAKs. Nevertheless, it is not yet clear how IL-17 receptor signaling induces Regnase-1 degradation. Interestingly, Regnase-1 mRNA is targeted by Regnase-1 itself via a stem-loop region present in the Regnase-1 3B UTR. These findings show that whereas the IKK complex phosphorylates I5B, to activate transcription, it also phosphorylates Regnase-1 to release a 'brake' on Il-6 mRNA expression (Fig. 2) .
Malt1-induced cleavage of Regnase-1 in CD4 D T cells regulates immune activation
In addition to innate immune cells, Regnase-1 is also critical for the regulation of T cell activation by targeting genes such as ICOS and Ox40 for degradation. 58),59) Interestingly, Regnase-1 is cleaved at Arg111 by Malt1/paracaspase in response to TCR stimulation, facilitating T cell activation. 57) These findings demonstrate that Regnase-1 is essential for suppressing unwanted T-cell-mediated immune reaction by targeting multiple mRNAs encoding transcription factors, surface molecules and cytokines (Fig. 3) . Dynamic control of Regnase-1 expression in T cells is critical for controlling T cell activation. Manipulation of Malt1-mediated Regnase-1 expression appears to be an important control point for T-cell-mediated immune responses in vivo.
Regnase-1 and Roquin recognize mRNAs with common stem-loop structures in inflammatory mRNAs
Transcriptome-wide analysis of Regnase-1-binding motifs by high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation (HITS-CLIP) showed that Regnase-1 recognizes stem-loop structures with varying stem lengths (3-7 nucleotides) with the Py-Pu-Py loop sequence located in their 3B UTRs. 24) Interestingly, this rule is consistent with that in the reported Roquin target mRNAs. 23) Indeed, Regnase-1 and Roquin destabilize the same sets of mRNAs with the common target stem-loop sequences. Despite the presence of overlapping target mRNAs, Regnase-1 and Roquin are found to degrade inflammatory mRNAs via spatiotemporally distinct mechanisms. 24) Whereas Roquin localizes to SGs and PBs, Regnase-1 localizes to the cytoplasm-especially the endoplasmic reticulum (ER)-but not to PBs and SGs. Regnase-1 destabilizes translationally active mRNAs in the polysome fraction, and translation termination is required for Regnase-1-mediated mRNA decay. Furthermore, Regnase-1 associates with UPF1, an RNA helicase essential for the mRNA quality control system called nonsensemediated RNA decay (NMD). 60) Furthermore, UPF1 helicase activity is critical for Regnase-1-mediated mRNA decay, similar to the NMD.
Regnase-1 and Roquin function non-redundantly in regulating innate and acquired immune cells. In LPS-stimulated MEFs, Regnase-1 and Roquin tend to control target inflammatory mRNAs in the early and late phase, respectively. 61) Furthermore, lack of Regnase-1 and Roquin in T cells leads to the development of much severer inflammatory disease compared with mice lacking Regnase-1 or Roquin in T cells, indicating that Regnase-1 and Roquin function non-redundantly in T cells. 62) In addition to Regnase-1, Roquin also undergoes Malt1-mediated degradation upon TCR stimulation, suggesting that both Regnase-1 and Roquin function as the molecular switch in controlling TCRmediated T cell activation. 25) These findings reveal that Regnase-1 and Roquin suppress aberrant immune cell activation in a non-redundant manner depending on their translation status and enable elaborate control of inflammation (Fig. 4) . However, how Regnase-1 regulates translationally active mRNAs in UPF1-dependent manner requires further investigation. 
Regnase-1 is critical for the maintenance of iron homeostasis
It is well known that iron metabolism is altered in the course of inflammation. 63), 64) We found that Regnase-1 is also critical for the degradation of mRNAs involved in iron metabolism in vivo.
21)
Regnase-1 !/! mice suffer from severe anemia as well as autoimmune disease. Duodenal Regnase-1 regulates the expression of prolyl-hydroxylase-domaincontaining protein 3 (PHD3) by targeting its 3B UTRs. PHD3 impairs duodenal iron uptake via suppression of transcription factor hypoxia-inducible factor-2, (HIF2,), which promotes efficient duodenal iron uptake under iron-deficient conditions. 65) Interestingly, HIF2, binds to the Regnase-1 promoter and induces Regnase-1 expression, providing a positive feedback loop for HIF2, activation via PHD3. In addition, Transferrin receptor (Tfrc) mRNA was found to be degraded by Regnase-1, and the competition between Regnase-1 and Iron-response proteins is critical for the control of Tfrc mRNA levels. 21) These results demonstrate that Regnase-1-mediated regulation of iron-related transcripts is essential for the maintenance of iron homeostasis (Fig. 5) . Moreover, Regnase-1 itself is transcriptionally up-regulated via HIF2, under iron-deficient conditions. Therefore, the Regnase-1-PHD3-HIF2, axis forms a positive feedback loop for HIF2, amplification to regulate iron uptake in the duodenum.
Critical roles of Arid5a in stabilizing stem-loop mRNA for enhancing inflammation Stem-loop structures with a Py-Pu-Py loop in 3B UTR are also recognized by another RBP, Arid5a. 66) In contrast to Regnase-1 and Roquin, Arid5a stabilizes target mRNAs by inhibiting the actions of Regnase-1 and Roquin. Arid5a stabilizes Il-6 mRNA in innate immune cells. 66) Furthermore, Arid5a is critical for Th17 and Th1 cell polarization by stabilizing mRNAs encoding Stat3 and T-bet, respectively. 67),68) Mice lacking Arid5a are resistant to LPS-induced shock due to impaired production of IFN-. and Il-6. 68) Whereas Arid5a mRNA is rapidly induced in response to LPS, p38 MAP kinase phosphorylates Arid5a resulting in its degradation during the late phases of inflammation. 69) These results suggest that inflammatory mRNAs with stemloop structures are recognized by both stabilizing and destabilizing RBPs, and their amounts are regulated by the balance of action of these RBPs.
Conclusion and perspectives
Regulation of RNA metabolism is a critical step for gene expression that facilitates the fine-tuning of mRNA expression levels during steady state as well as inflammatory conditions. Dysregulation of RNA metabolism can result in various diseases, including inflammatory and autoimmune diseases. 70) RBPs have emerged as important regulators of multiple facets of RNA metabolism and immune responses. During the innate immune responses, several RBPs, such as TTP, Roquin and Regnase-1, promote the resolution of inflammation by eliminating the proinflammatory cytokine mRNAs. During the activation of T cells, these RBPs control the adaptive immune responses and maintain immune homeostasis. Failure of these regulatory controls leads to autoimmune syndromes.
The post-transcriptional regulation of inflammation is controlled by Regnase-1 and Roquin in a spatiotemporally distinct manner, although they recognize common stem-loop structures. It is interesting that the mechanism for the NMD quality control system is shared with that for the degradation of cytokine mRNAs. Although UPF1 is essential for Regnase-1-mediated mRNA decay, the molecular mechanisms of UPF1 involvement are still unclear. Because excess and prolonged production of cytokines leads to the onset of inflammatory diseases, prolonged stability of inflammatory cytokine mRNAs may be considered aberrant, and thus targeted by a similar mechanism of the NMD. Strict control over the life of mRNA by RBPs is a key strategic step by which immune cells determine their phenotypes and functions, and differential regulation of Regnase-1-and Roquin-mediated mRNA degradation are thus necessary for the precise control of inflammation.
Regnase-1 is also proposed to harbor the potential to control virus infection by degrading viral RNAs.
71), 72) In addition, Regnase-1-like RNases are conserved among species, and the Caenorhabditis elegans homologue, REGE-1, is involved in the control of body fat by degrading an mRNA for transcription factor ETS-4. 73) Although further in vivo studies in mammals are required, it is possible that Regnase-1-mediated degradation of RNAs controls broad biological phenomena beyond the control of immunity.
Recent studies on post-transcriptional regulation have uncovered novel players in the control of immune reactions. However, recent RBPome studies revealed that there are more than 1500 RBPs in humans, the functions of most of which are yet to be uncovered. 74) , 75) For instance, the roles of Regnase-1 family proteins, Zc3h12b, c and d, in immune reactions are still poorly understood. Post-transcriptional regulation is also critical for the cell fate decision in immune cell development, 15) indicating that the involvement of RBPs in the entire immune system is highly complex. Further studies may reveal totally novel regulatory mechanisms underlying the post-transcriptional regulation of immune reactions.
Given that Regnase-1 is critical for regulating inflammation and adaptive immunity, it is plausible that immune responses can be manipulated by interfering with or activating the functions of Regnase-1 and Roquin. Exploration of small molecules affecting Regnase-1 activity might be beneficial for the development of novel vaccine adjuvants or anti-tumor immunotherapy drugs. 
